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Abstract 
This paper studies corrosion inhibition and compressive-strength effect of Rhizophora mangle L. leaf-extract on steel-reinforced 
concrete in 0.5 M H2SO4, simulating industrial environment of wind-energy installations. Electrochemical monitoring and load-
bearing/compressive-strength testing were employed for different concentrations of the leaf-extract admixed in duplicated 
samples of steel-reinforced concretes, immersed in the test-system. Analyses of the experimental test-results, as per ASTM G16-
95 R04, identified 0.1667% Rhizophora mangle L., per weight of cement, with optimum (very good) inhibition efficiency. 
Rhizophora mangle L. admixtures combined good inhibition efficiency with compressive-strength improvements in concretes. 
These bear implications for protecting wind-energy structures against corrosion-degradation in industrial environments. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Wind-energy has been identified as a source of energy that is potent with the advantages of ready-availability, 
replenished-ability and environmentally-friendliness through reduced emissions of greenhouse gases all of which 
makes wind-energy a sustainable energy resource for any application requiring power [1-4]. However, effective 
generation of wind-energy requires appropriate use of sustainable materials for wind-energy installations in the form 
of wind turbines and energy conversion systems, wind turbine towers and wind turbine foundations [5]. Among 
these, steel-reinforced concretes find useful applications in the design of wind turbine towers and wind turbine 
foundations [5-7]. 
Steel-reinforced concrete structures for sustainable wind-energy installations must satisfy many conditions to 
achieve maximization of durability for ensuring functionality of the structure through the service life, in the service 
environment, of the wind-energy system. One of these conditions include protection of the steel-reinforced concrete 
structures from corrosion degradation [7-8]. However, while many studies focused on wind characteristics and 
energy resource potential [1,9] and some others on design materials for wind blades and other metallic components 
of wind turbine fabrications, there is paucity of studies on sustainable steel-reinforced concretes for wind turbine 
towers and foundations [7]. 
Urban and industrial service-environments of wind-energy installations are characterized by SO2 emission that is 
potent at making the steel-reinforced concrete structures for wind-energy installations susceptible to sulphuric acid 
attack [10-11]. Sulphuric acid in form of acid rain and contaminants from these environments attack hydrated 
product of concrete thus forming products of expansive volume. These products introduce stresses that lead to cracks 
which in turn expose the reinforcing steel to further acidic corrosion attacks [10,10-13]. Thus, curtailing acidic 
sulphate attack on concrete is difficult because not only the steel-reinforcements are deteriorated by corrosion but 
also the degradation of the hydrated products of concrete culminates in reduction of the load-bearing/compressive-
strength of the concrete [14-15]. 
It had been identified in [6] that the use of admixture in concrete is potent not only for increasing concrete 
resistance to corrosion attacks but also for improving its compressive strength. Well-known substances for inhibiting 
steel-rebar corrosion in acidic sulphate environment include compounds of chromates and of nitrites [10,15-17]. 
However, restricting policies against usage of these compounds abound in many countries due to their toxicity and 
hazardousness to the environmental ecosystem [18-19]. These have geared interests towards search for non-toxic and 
environmentally-friendly admixtures for replacing the toxic chemicals as inhibitors of corrosion in steel-reinforced 
concretes. Active composition of the leaf-extract of Rhizophora mangle L. have been toxicologically evaluated by 
[20] and the findings in that study showed that this natural plant extract did not exhibit any sign of toxicity. Yet, no 
experiment has studied effect of this plant leaf-extract on the corrosion of steel-reinforced concrete in sulphuric acid 
environment. Therefore, this paper investigates effect of the leaf-extract of Rhizophora mangle L. on the corrosion 
inhibition and compressive strength of  steel-reinforced concrete in 0.5 M H2SO4, simulating industrial environment, 
for achieving sustainable steel-reinforced concretes for wind-energy installations in industrial environment. 
 
Nomenclature 
μ  mean value of dataset 
HCP   half cell potential (mV) 
CR  Corrosion rate (mm/y) 
Ș  inhibition efficiency (%) 
blank  steel-reinforced concrete sample without (i.e. 0%) admixture 
blank in W_28 steel-reinforced concrete not used in corrosion experiment but that was cured in water for 28 days 
_Dup  the duplicate of steel-reinforced concrete sample 
K-S GoF Kolmogorov-Smirnov goodness of fit test 
K-S p-value probability of the Kolmogorov-Smirnov goodness of fit test 
_hom  homoscedastic (equal variance) of the student’s t-test assumption 
_het  heteroscedastic (unequal variance) of the student’s t-test assumption 
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2. Experimental materials and methods 
2.1. Experimental Materials 
Leaves of Rhizophora mangle L. (R. mangle L.) Rhizophoraceae were collected fresh from Ehin-more, Ilaje ese-
odo, in Ondo State, Nigeria. The leaves were identified at the Herbarium of Forestry Research Institute, Nigeria, and 
a sample was deposited with the institute with the voucher FHI. No. 109501. Methanolic extract from the blended 
dried leaves were varied, as admixtures in duplicates of steel reinforced concrete slabs, of size 100 mm × 100 mm × 
200 mm, from 0%, for blank concrete samples, in increments of 0.0833% (i.e. a part by weight of R. mangle L. in 
1200 parts by weight of cement) up to 0.4167%. These translate to six duplicated (i.e. totalling twelve) steel-
reinforced concrete samples. In each of these, 150mm out of the 190 mm length of Ø12mm rod of reinforcing-steel 
was centrally embedded. Preparation of the reinforced concrete blocks followed standard procedures prescribed in 
literature [21-22] and in the specifications of [23-24]. The remaining 40 mm protrusion of the steel-rebar was 
employed for electrochemical monitoring connections. 
2.2. Experimental Methods 
Steel-reinforced concrete samples were partially immersed, longitudinally, in plastic bowls containing the test-
solution of 0.5 M H2SO4, which was made up to just below the reinforcing-steel embedment, but without touching it. 
From these, electrochemical measurements [25-27] were taken in five days interval for 40 days, then in seven days 
interval for eight weeks. These totalled 17-point measurements in 96 days. The measured electrochemical techniques 
include: 
x Half-cell potential, HCP, taken versus Cu/CuSO4 electrode, CSE (Tinker & Rasor®) using high impedance 
multimeter (Mastech®) [15] according to ASTM C876-91 R99 [28]; and 
x Corrosion rate, CR, taken using 3-electrode LPR Data Logger (Metal Samples®) [29], through direct instrument 
conversion to mpy [29], and which was connected to the concrete test-system as described in [12,16,25]. 
After the ninety-six day electrochemical experiment, compressive-strength testing of each steel-reinforced 
concrete slab was done using hydraulically powered, Compression Testing Machine, Model YES 2000 (Eccles 
Technical Engineering Ltd, England) [12]. This facilitates compressive-strength comparisons from the R. mangle L. 
admixed concretes, including the blank concrete samples, with the compressive-strength of three additionally cast 
blank steel-reinforced concretes, that were cured in water for 28 days [12] as per the specifications of ASTM 
C39/C39M-03 [31-32] and ASTM C267-01 [33]. 
2.3. Data Analyses 
For detailing R. mangle L. admixture performance, the experimental datasets of the electrochemical monitoring 
methods were subjected to the statistical analyses of the Normal and the Weibull probability distribution functions, 
pdf’s [12,25,34-35]. Also, the Kolmogorov-Smirnov goodness-of-fit test-statistics [36-37] was used for ascertaining 
compatibility of the datasets to the pdf’s, while the student’s t-test statistics, of the homoscedastic and the 
heteroscedastic assumptions, was used for studying significance of differences in test-data response between 
duplicate samples [16]. Both of these statistical tests were at Į = 0.05 level of significance. As per ASTM G16-95 
R04 [38], the compatibility test of dataset with the distribution functions were done for avoiding grossly erroneous 
conclusions, while the between-duplicate test of significant difference in corrosion test-data were done for studying 
repeatability, of the performance of R. mangle L. admixture in the test-system. 
Mean values, ȝ, from the probability distribution of better-fit of the corrosion rate datasets, were used for 
inhibition efficiency, Ș, evaluation according to [10,12,16,18,25]: 
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Compressive strength change factor, CSCF(%), was estimated, for each R. mangle L. admixture concentration, 
using the relationship from [12,14] as per ASTM C267-01 [33]: 
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3. Results and discussion 
3.1. Analysed  corrosion test-results 
Results of the analysed corrosion tests, by the statistical distribution functions, were presented as graphical plots 
in Fig. 1. In the figure, linear plots, for corrosion potential (HCP) interpretations as per ASTM C876-91 R99 [28], 
Fig. 1(a), and for corrosion rate (CR) classifications according to [39-40], Fig. 1(b), were shown. From these, it is 
worth noting that the blank samples without admixture tend towards severe condition of corrosive test-systems, by 
both interpretation criteria. This find agreement with the preferred practice prescribed in [35] for reducing the time 
for effects to be observed. By this, the dominant factor could then be employed as the rank ordering factor for 
detailing R. mangle L. performance in the corrosive test-system. 
(a)  (b)  
Fig. 1. Analysed results of corrosion tests by the Normal and Weibull pdf (a) HCP plots with corrosion risks 
interpretation as per ASTM C876-91 R99 [28]; (b) CR plots with classifications as per [39-40].
3.2. Results of statistical tests of significance 
Results of the K-S GoF test-statistics of test-data scatter like the pdf’s were presented in Fig. 2(a) while the 
student’s t-test results of significance between-duplicate test-data differences were presented in Fig. 2(b). In these, 
the linear plot of Į = 0.05 was included for direct interpretations of pdf compatibility and significance of differences. 
From Fig. 2(a), it could be deduced that eleven datasets of corrosion test data, out of twenty-four, were not 
distributed like the Normal pdf. These include the HCP dataset from the 0.4167% R. mangle L. sample as the only 
HCP dataset not following the Normal while the remaining ten were datasets of corrosion rate test-data from the R. 
mangle L. admixed steel-reinforced concrete samples. In contrast, the twenty-four datasets of corrosion test-
variables in this study scattered like the Weibull pdf according to the K-S GoF test-criteria. This identified the 
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Weibull pdf as the descriptive statistics for detailing the performance of R. mangle L. leaf-extract as admixture for 
inhibiting corrosion in steel-reinforced concrete in 0.5 M H2SO4 test-environment. 
It is also worth noting from Fig. 2(b) that it was only the differences encountered between the HCP test-data of 
the 0.3333% R. mangle L. duplicate samples that were not due to chance but that were significant. The HCP test-
data from the remaining duplicate samples in the study exhibited between-duplicate differences that were only due 
to chance but not significant. All the corrosion rate test-data in the study exhibited between-duplicate sample 
differences that were only due to chance but not significant as per the student’s t-test criteria at Į = 0.05 level of 
significance. 
  
(a)  (b)  
Fig. 2. Statistical significance testing of corrosion test-results (a) K-S GoF test of test-data scatter like Normal 
and the Weibull distribution functions (b) student’s t-test of significance between-duplicate test-data differences. 
3.3. Inhibition efficiency performance 
The lack of significant difference in the CR test-data from the duplicated concrete slabs bear supports for 
estimations of averaged inhibition efficiency of R. mangle L. on the corrosion of concrete steel-reinforcement in the 
corrosive test-system. The results of these averaged inhibition efficiencies were plotted in ranking order of R. 
mangle L. admixture performance in Fig. 3. 
 
Fig. 3. Performance ranking of the inhibition efficiency of R. mangle L. on concrete steel-reinforcement corrosion. 
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From the figure, it could be observed that the 0.1667% R. mangle L. admixture exhibited optimal inhibition 
efficiency, Ș = 76.32r4.44%, followed by the 0.3333% R. mangle L. admixture with Ș = 73.52r1.80%, at inhibiting 
concrete steel-reinforcement corrosion in 0.5 M H2SO4. The 0.25% R. mangle L. admixture exhibited least 
effectiveness performance in the study by having inhibition efficiency Ș = 56.88r22.01%. However, subjecting 
these inhibition efficiencies to the model efficiency classification criteria from [41] showed that while the 
performance by the 0.1667% R. mangle L. admixture classified as “very good”  efficiency, the performance by the 
other R. mangle L. admixtures studied classified as “good” efficiency model [25,41]. 
3.4. Compressive strength change effect 
Ranking order of compressive strength change factor of steel-reinforced concrete samples were presented in Fig. 
4. This ranking identified that 0.25% R. mangle L. admixture with optimal compressive strength improvement that 
even surpassed that of the blank in W 28 samples that were neither used in corrosion experiment nor were immersed 
in the H2SO4 test-system. While it could be recalled from Fig. 3 that this 0.25% R. mangle L. admixture exhibited 
the least inhibition efficiency performance, yet the compressive strength improvement by this 0.25% R. mangle L. 
admixture showed that it combined good inhibition efficiency with compressive strength improvement advantage.  
Although, the 0.1667% R. mangle L. admixture that exhibited optimal inhibition efficiency did not repeat such 
optimal performance at improving compressive-strength of concretes, the concrete with this admixture still 
surpassed the blank concrete immersed in H2SO4 test-system in compressive strength. By this, it could be inferred 
that the optimal 0.1667% R. amngle L. combined its very good inhibition of concrete steel-reinforcement corrosion 
with improved compressive strength relative to the blank concrete without admixture. 
 
 
Fig. 4. Ranking of compressive-strength improvement performance 
of R. mangle L. on steel-reinforced concrete. 
In similar manner, the 0.3333% R. mangle L. and the 0.0833% R. mangle L. exhibited combination of 
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highly good inhibition efficiency at inhibiting concrete steel-reinforcement corrosion.  Among all the R. mangle L. 
admixtures studied in this work, only the 0.4167% R. mangle L. admixture exhibited reduction in the compressive-
strength of concrete that was worse than that obtained from the blank samples. This showed that the good inhibition 
of concrete steel-reinforcement corrosion by the 0.4167% R. mangle L. admixture was at the expense of reduction in 
the load-bearing strength of the concrete. 
These bear implications on the protection of steel-reinforced concrete structures for wind-energy installations in 
industrial environments which include: 
x Suitable application of R. mangle L. admixture in steel-reinforced concrete structures for wind-energy 
installations, foundations or tower, in industrial  service-environment is potent for improving load-bearing 
strength of the steel-reinforced concrete wind-energy structure; 
x Such suitable application of R. mangle L. admixture bear potency of combining the improved compressive 
strength with further advantage of protecting the steel-reinforced concrete wind-energy structure against 
corrosion-degradation in industrial environment; 
x Use of 0.4167% R. mangle L. (per weight of cement) should be avoided as admixture in steel-reinforced 
concrete wind-energy structure for industrial environment as such application would culminate in load-bearing 
strength reduction in the concrete and militate against desired durability and sustainability  of the structure. 
4. Conclusion 
Corrosion inhibition and compressive-strength effect of the leaf-extract of Rhizophora mangle L. on steel-
reinforced concrete in 0.5 M H2SO4, simulating industrial environment, has been studied. Conclusions that could be 
drawn from the study include: 
x Statistical analyses of corrosion  test-data showed that the test-data distributed like the Weibull more than the 
Normal pdf according to the K-S GoF test-criteria while the test-data of corrosion rate exhibited between-
duplicate differences that were only due to chance but that were not significant, for all samples studied; 
x 0.1667% R. mangle L. admixture exhibited optimal inhibition efficiency, Ș = 76.32r4.44%, that classified as 
“very good” efficiency model, while the other R. mangle L. admixture studied exhibited inhibition efficiencies 
classifying as “good” efficiency models, at inhibiting concrete steel-reinforcement corrosion in 0.5 M H2SO4; 
x The 0.25% R. mangle L. admixture with the least, although “good”, inhibition efficiency in the study however 
exhibited optimal compressive strength improvement that surpassed that of  blank samples that were cured in 
water for 28 days, the other admixtures also exhibited improved compressive strength  that surpassed that of the 
corrosion test blank samples with the exception of the 0.4167% R. mangle L. admixture that exhibited 
compressive-strength reduction that was worse than that of the corrosion test blank samples; 
x These bear implications of potencies of suitable application of R. mangle L admixtures in steel-reinforced wind-
energy structures for combined advantages of compressive load-bearing strength improvement of the structure 
as well as the protection of the steel-reinforced structure from corrosion degradation in industrial service-
environment. 
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